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Abstract
An appropriate assumption of gas saturation state is very important to estimate CO2 saturation
from P-wave velocity changes. By careful observation of velocity and porosity logs, we found that 
P-wave velocity decrease gradually with increasing CO2 saturation, although the P-wave velocity 
should decrease rapidly at very small CO2 saturation in the case of uniform saturation. Thus we 
expected that the CO2 saturation state in pore space is patchy or heterogeneous saturation. 
Furthermore existence of critical saturation was expected from the log data. 
In order to confirm our idea, we calculated theoretical curves of the relation between velocity and 
CO2 saturation for each saturation state, uniform, patchy, and the heterogeneous saturation 
expressed by Brie’s equation using rock physics modelling. In this study, we use Friable-sand 
model (Dvorkin and Nur, 1996) for dry frame and grain bulk and shear modulus are calculated by 
Hill’s average of quartz and clay. Additionally, we employed the critical saturation and modified 
each saturation equation using this critical saturation. Comparing the data and theoretical curves, we 
confirmed that the curves for patchy saturation or heterogeneous saturation agreed with the data,
and the curve for uniform saturation didn’t fit the data. 
In addition to the rock physics modelling study, we estimated CO2 saturation from P velocity 
changes from baseline log using Gassmann equation, effective fluid and patchy equation. 
Comparing CO2 saturation from P velocity changes with CO2 saturation from neutron logs, we 
found that uniform saturation gives much smaller CO2 saturation than the value calculated from 
neutron logs, but patchy saturation and Brie’s equation give reasonable value and good agreement 
with CO2 saturation calculated from neutron log. Therefore we concluded that CO2 saturation state 
in pore space is considered as patchy saturation at Nagaoka. And also this conclusion is consistent 
with the fact that distribution of CO2 tends to become patchy, not uniform, by rapid injection in 
super critical state of CO2 with low viscosity.
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Introduction
Japan’s first pilot-scale CO2 sequestration experiment has been conducted at Nagaoka, where CO2 was injected into a 
target reservoir in supercritical state. Three observation wells exist around the injection well at this field, and time-lapse 
seismic tomography and time-lapse well logging have been carried out to monitor the distribution of the injected CO2. 
The result of the tomography shows the distribution of the injected CO2 as a P-wave velocity decrease zone (Saito et 
al.,2006) and the result of the well logging is considered as an evidence of CO2 arrival to the observation well by 
decrease of P-wave velocity and neutron porosity (Xue et al.,2006). Neutron porosity shows water content at each 
depth, therefore we can estimate CO2 saturation from the difference of neutron porosity obtained by time-lapse well 
logging during the injection. 
On the other hand, Gassmann fluid substitution is well known as a method for estimation of P-wave velocity changes 
at different gas saturation. Gassmann fluid substitution, however, gives different value by assuming different types of 
gas saturation in pore space. Therefore appropriate assumption of gas saturation state is very important factor to 
estimate gas saturation from P-wave velocity changes. 
Well Logging Data
At Nagaoka field, sonic log and neutron log were obtained at all observation wells, OB-2, OB-3, OB-4. The total 
injection volume and injection rate of CO2 are shown in Fig. 1. Dots in Fig. indicate the logging date and pink colour 
means that the data of the run indicate some changes in the logging results, which means that CO2 arrived at the 
observation wells at the logging date. At OB-2 well, P-wave velocity and neutron porosity changed at 14th run, so 
breakthrough happened between 13th and 14th run.
In this study, we use OB -2 data from 1st to 26th logging. Sonic and neutron logs are shown in Fig. 2, black lines show 
average log from 1st to 12th and other colour lines show time-lapse logging from 13th to 26th. A squared area in Fig.2 
shows target zone for the injection called zone-2 (about 1107-1120m). Both P-wave velocity and neutron porosity are 
decreased in this zone. CO2 saturation after breakthrough can be obtained from neutron porosity as a decrease from the 
value before injection by equation (1). Average neutron porosity from 1 to 12th run was chosen as a baseline data, and 
CO2 saturation were calculated at each run from 13th run (Fig.3).  
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Fig. 1  Progress of injection and logging date
H. Azuma et al. / Energy Procedia 4 (2011) 3472–3477 3473
Author name / Energy Procedia 00 (2010) 000–000 3
1140
1135
1130
1125
1120
1115
1110
1105
1100
0 10 20 30 40
Neutron Porosity
1140
1135
1130
1125
1120
1115
1110
1105
1100
1.5 2 2.5 3 3.5 4
Vp(km/s)
Zone-2
           1120
1119
1118
1117
1116
1115
1114
1113
1112
1111
1110
1109
1108
1107
0 0.2 0.4 0.6
Gas Saturation
0 0.2 0.4 0.6
Gas Saturation
Fig.2  Vp and neutron porosity log(1-26th)              Fig.3  CO2 saturation derived from neutron porosity log
             In Zone-2      (left: 13-19th, right: 20-26th)
P-wave velocity and CO2 saturation
P-wave velocity and CO2 saturation calculated from neutron log from 18th to 26th run at 1113 to 1118m depth are 
plotted in Fig. 4. P-wave velocity decreases gradually with increasing CO2 saturation. This trend is different from an 
expected trend by Gassmann fluid substitution with uniform saturation. According to the Gassmann with uniform 
saturation, the P-wave velocity should decrease rapidly even by very low CO2 saturation. The difference between them 
is caused by the different saturation states in pore space for theoretical curves. Thus we assumed that the saturation state 
is not uniform but patchy saturation in this case. And we found that CO2 saturation seems converge to 0.5-0.6 (50-60%), 
and it is not approaching to 1.0 (100%) after breakthrough. Thus we introduced the critical saturation and assumed it to 
0.6. We can imagine that it is difficult to replace all pore fluid to gas, so that considering a critical value for saturation 
seems reasonable. 
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Fig. 4  P-wave velocity and CO2 saturation (cross -plot)
Rock physics modeling for different saturation states
Even if CO2 saturation value is same, P-wave velocity shows different value depending on the different saturation state 
in pore space. In order to estimate the difference, we calculated the relationship between velocity and CO2 saturation by 
simple rock physics modeling and compared them with well logging data. In the modelling procedure, first we chose 
rock physics model and calculate elastic modulus of dry frame, and then calculate fluid saturated rock modulus by 
Gassmann equation or patchy saturation equation or Brie’s equation and finally calculate P-wave velocity for each CO2
saturation state.
In this study, we use Friable-sand model (Dvorkin and Nur, 1996) for dry frame, and input parameters for this model 
are selected as Table. 1. Grain bulk and shear modulus are calculated by Hill’s average of quartz and clay, and the ratio 
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of the components is set to 0.5. The bulk and shear modulus of quartz and clay are chosen as typical values used in 
Rock Physics Handbook (Mavko et al., 1998).  
HM
HMsHMHM
dry GGKGK
K
3
4
3
4
1
3
4
1
00 ∀
∃
∃
∃
%
&
∋
∋
∋
(
)
∗
∀
∗
∗
!
∀
#
#
#
#
, z
zGzG
G
sHM
dry ∀
∃
∃
∃
∃
%
&
∋
∋
∋
∋
(
)
∗
+
,
−
./
0 ∀
∗
∗
!
∀1
00
1 #
#
#
#
, (2)
    where  
+
+
,
−
.
.
/
0
∗
∗!
HMHM
HMHMHM
GK
GKGz
2
89
6
  1 2
1 2
3
1
22
22
0
2
118
1
∃
∃
%
&
∋
∋
(
)
∀
∀! PGnK sHM 34
#    1 2
1 2
1 2
3
1
22
22
0
2
12
13
25
45
∃
∃
%
&
∋
∋
(
)
∀
∀
∀
∀! PGnG sHM 34
#
3
3
In the case of uniform saturation, bulk modulus of saturated rock is given by Gassmann with Reuss average effective 
fl uid. On the contrary, Gassmann with Voigt average effective fluid gives upper bound value of saturated rock.  In the 
case of patchy saturation, elastic modulus is given by equation (3) (Mavko and Mukerji, 1998). 
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where M is P-wave modulus and 5 means an average weighted by volume fraction. We modified equation (3) using 
critical saturation ( gcS ) as follows:
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where wM is water saturated modulus, and gcM is partially CO2 saturated modulus at critical saturation. In this study, 
we used the modified equation for the estimation of patchy saturation. 
Brie et al, (1995) introduced the modified effective fluid equation (4).  
1 2 gewwewfluid KSKSK ∀∗! 1 ,                        (4)
where wK , gK are bulk modulus of water and gas, wS is water saturation, and e is empirical constant, e =3 is often 
used for previous studies. In this study we use e =3 and e =2.
  Fig.5 shows conceptual diagrams of different saturation states in pore space. For (a) uniform saturation , CO2
saturation is same at any pore space. For (b) heterogeneous saturation, CO2 saturation is different at each pore space. 
This saturation state is expressed by voigt average or Brie’s equation. For(c) patchy saturation, some part is fully CO2
saturated, and the other is fully water saturated. In this case, first we calculate 100% water and 100% CO2 saturated 
modulus by Gassmann, and then we can get a partially saturated modulus by equation (3) or (3)’.
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Fig5 Conceptual diagrams of various CO2 saturation state
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P-wave velocity and CO2 saturation relation were calculated for various saturation states and compared with log data 
of 18-26th run (Fig. 6). Fig.6 shows that patchy saturation or saturation based on Brie’s equation.. well represents log 
data, but uniform saturation does not represents log data especially at low CO2 saturation. 
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Effective pressure   P(G Pa) 0.01
Coordination num ber   n 9
C ritical porosity　Φ0 0.5
G rain bulk m odulus     Ks(G Pa) 27.74
G rain shear m odulus   G s(G Pa) 19.06
K H M (GPa) 0.88
G H M (GPa) 1.22
G rain density(g/cm
3
) 2.507
W ater density(g/cm
3
) 1
C O 2  density(g/cm
3
) 0.623
W ater bulk m odulus(GP a) 2.5
C O 2   bulk m odulus(G Pa) 0.0465
porosity             Φ 0.25
C ritical saturation　　　　Sgc 0.6
Table. 1 Input param eters
Fig. 6 Theoretical curves overlaid on cross-plot for each saturation state
CO2 saturation estimated from P-wave velocity change
In the rock physics modelling described above, theoretical curves were calculated and it represent general trend for 
each saturation state. However in order to estimate CO2 saturation from these curves, we need many input parameters 
for the calculation and some parameters (ex. coordination number) are difficult to choose appropriate values. So we 
estimated CO2 saturation from P velocity changes from baseline log using Gassmann, effective fluid and patchy 
equation. In this method, we do not have to set many parameters except grain modulus in Gassmann equation.  
Fig. 7 shows that calculated CO2 saturation from P-wave velocity change between baseline and 18th and 26th runs for 
different saturation state, and CO2 saturation derived from neutron log. The CO2 saturation for uniform saturation is 
much smaller than other cases, and the calculated value under 0.1 does not correspond to the value derived from neutron 
log. On the other hand, the CO2 saturation for patchy and based on Brie’s equation agrees with the value from neutron 
log. 
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Fig. 7  Estimated CO2 saturation from sonic log for each saturation state.
Conclusions
Analyzing time-lapse well logging at observation well, where breakthrough was detected, we found that P-wave 
velocity gradually decrease with increasing CO2 saturation. The observed relationship between P-wave velocity and 
CO2 saturation was different from an expected curve by Gassmann with uniform saturation. However, patchy saturation 
curve explained the data distribution very well, and CO2 saturation estimated under assumption of patchy saturation 
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agrees with CO2 saturation value derived from neutron log. Therefore CO2 saturation state in pore space is considered 
as patchy saturation at Nagaoka. 
However, CO2 saturation state we need to consider for an estimation of saturation value depends on the frequency of 
applying seismic wave. When the applying frequency is as low as used in the surface seismic survey, the saturation state 
tends to be treated as uniform saturation state. On the other hand, well log dat a or the data measured by higher 
frequency could be explained by patchy saturation. Whether frequency is high or low, we must chose appropriate 
saturation state in pore space to estimate correct CO2 saturation value. 
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